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Abstract: In this work, the use of numerical simulation in the application of solar radiant systems,
internal airflow and occupants’ presence in the improvement of comfort in winter conditions is made.
The thermal comfort, the local thermal discomfort and the air quality in an occupied chamber space
are evaluated. In the experimental measurements, a wood chamber, a desk, two seats, two seated
hygro-thermal manikins, a warm radiant floor, a solar radiation simulator and a water solar collector
are used. The air velocity and the air temperature fluctuation are experimentally evaluated around
15 human body sections. The chamber surface temperature is experimentally measured. In the
numerical simulation, a coupling human thermal comfort (HTC) integral model, a computational
fluids dynamics (CFD) differential model and a building thermal response (BTR) integral model are
applied. The human thermal comfort level is evaluated by the HTC numerical model. The airflow
inside the virtual chamber, using the k-epsilon and RNG turbulence models, is evaluated by the CFD
numerical model. The chamber surface and the collector temperatures are evaluated by the BTR
numerical model. In the human thermal comfort level, in non-uniform environments, the predicted
mean vote (PMV) and the predicted percentage of dissatisfied (PPD) people are numerically evaluated;
in the local thermal discomfort level the draught risk (DR) is experimentally and numerically analyzed;
and in the air quality, the carbon dioxide CO2 concentration is numerically calculated. In the
validation tests, the experimental and numerical values of the chamber surface temperature, the air
temperature, the air velocity, the air turbulence intensity and the DR are presented.
Keywords: solar radiation; thermal comfort; local thermal discomfort; indoor air; numerical
simulations; experimental tests; coupling integral and differential models
1. Introduction
Thermal comfort, local thermal discomfort and air quality in a chamber equipped with forced
ventilation, promoted by an air forced system, and a warm floor, promoted by a solar water collector
system, are evaluated in the study presented in this work. In the study conducted in winter conditions
and inside a chamber space, experimental and numerical methodologies are used.
The idea of the study presented in this work is to develop and apply numerical software, based
on coupling two integral and one differential models, in order to study systems combined by forced
ventilation (when the inlet and outlet are placed above the head level in non-parallel walls) and a
warm radiant floor (with water recirculation located in the floor level). In the forced ventilation, the
external air from the outdoor environment is used, while in the warm radiant floor, hot water from a
solar collector is used. The combination of the two systems, in addition to the occupants’ presence, is
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used to promote simultaneously acceptable thermal comfort, local thermal discomfort and air quality,
with a low energy consumption level.
In the study presented in this work, numerical and experimental methodologies’ combinations
are used. In the numerical study, the human thermal comfort (HTC) integral model, the computational
fluids dynamics (CFD) differential model and the building thermal response (BTR) integral model
are used. The HTC numerical model approach is used to evaluate the mean radiant temperature
(MRT), the thermal comfort level, the skin temperature, the clothes temperature and the transpiration
field, in non-uniform environments. In the thermal comfort level, the predicted mean vote (PMV) and
the predicted percentage of dissatisfied (PPD) people are used. The CFD numerical model approach
is used to evaluate the air velocity, the air temperature and the carbon dioxide (CO2) concentration
field, around the occupant and inside the chamber space. The BTR numerical model evaluated the
transparent surfaces’ temperatures, opaque surfaces’ temperatures, internal air temperatures, solar
collectors’ temperatures and duct water temperature. In the experimental methodology, the air velocity
and the air temperature fluctuation around the 15 human body sections (used to evaluate the local
thermal discomfort level and to validate the numerical values) and the surrounding chamber surface
temperature are measured.
The coupling of integral models and differential models, in some applications, was made, as the
example in [1–3]. In personalized ventilation systems [1], the coupling of the CFD numerical model and
the human body thermoregulation numerical model is used; in the heat exchanges between a seated
person in a uniform environment [2], the coupling of the convection, radiation, moisture transport
and human thermal physiology is used; and in the human thermal sensation [3], the coupling of the
convection, radiation and thermoregulation is used.
Different philosophies of ventilation inside confined spaces were studied. In these studies,
experimental techniques, numerical techniques or combinations of numerical and experimental
techniques are used. Some examples of studies made in this area can be seen in [4–10]. In both
studies, as is verified in the study presented in this paper, the cross-ventilation is analyzed in detail.
In accord with the HTC and CFD numerical models, the study presented in this work is a
continuation of [11–15].
In [11], the thermal comfort and the local thermal discomfort levels that an occupant is subjected
to for a non-uniform airflow, using a k-epsilon turbulence model, were evaluated. The thermal comfort
level was evaluated through the HTC numerical model, while the local thermal discomfort level
was evaluated through an empirical model. The input of the HTC numerical model was obtained
experimentally using a thermal manikin, which simulates the human posture, subjected to a common
use ventilator.
In [12], the local thermal discomfort, the thermal comfort, the air quality and the acoustical comfort
levels in a classroom equipped with cross-ventilation are evaluated, using a k-epsilon turbulence
model. In the local thermal discomfort level, the empirical model also was used.
In [13], the CFD numerical model was used to evaluate air velocity and the air renovation rate
in an experimental chamber, in moderate environments, in steady-state conditions and isothermal
conditions, using a k-epsilon turbulence model. The air velocity fluctuations were measured, while the
air velocity root mean square, the air turbulence intensity the draught risks, the air velocity fluctuation
frequencies and the air velocity fluctuation equivalent frequencies were calculated. The experimental
and numerical results, which show good agreement, were used to evaluate the thermal comfort, local
thermal discomfort and air quality levels.
In [14], an HTC numerical model was used to evaluate the thermal comfort and the local thermal
discomfort that an occupant is subjected to, simulated with a thermal manikin, a personalized
ventilated system equipped in a desk, located inside an experimental chamber, with upper and
lower air terminal devices, for a slightly warm environment. In this study, the input data of the HTC
numerical model are obtained numerically.
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In [15], a CFD and a HTC numerical model were used to evaluate the thermal comfort, local
thermal discomfort and air quality levels that an occupant is subjected to in desks equipped with a
personalized ventilation systems, with two upper and lower air terminal devices, in slightly warm
environments. The validation tests, in a steady-state regime and non-isothermal conditions, using a
k-epsilon turbulence model, showed good agreement.
However, the study presented in this paper is also the continuation of the BTR numerical model
presented in [16–18].
In [16], the BTR and the HTC numerical model are used in order to evaluate the building and the
occupant’s thermal response. In this work, which evaluated the thermal comfort level, the output of
the BTR numerical model is used as the input in the HTC numerical model.
In [17], the BTR numerical model was applied in a school building with a complex topology.
The numerical model was used to evaluate the thermal comfort and the indoor air quality on a summer
day, in transient conditions. The numerical model, using numerical and experimental values, was
validated with success, in summer conditions.
In [18], the BTR numerical model was applied in the evaluation of thermal comfort and air quality
in a school building, with a complex topology, for winter conditions.
In the evaluation of the thermal comfort level, the PMV and the PPD indexes are used (see [19–21]).
These indexes are functions of the values of four environmental variables (the air temperature, the air
velocity, the air relative humidity and the MRT) and two personal parameters (the clothing level and
the activity level).
The non-uniform environments are promoted by surrounding surfaces’ temperatures, air
temperatures and air velocity asymmetries. In the thermal comfort level, an HTC numerical model
is used. Application examples can be seen in [11,14,15], and validations tests can be seen in [11],
for example.
The local thermal discomfort conditions are evaluated using the draught risk (DR) index. The DR,
which depends on the local air temperature, the local air velocity and the local air turbulence intensity,
was developed in [22]. The DR is used in different studies, for example, in [23,24]. In [23,24], studies
about the evaluation of the internal airflow, namely, the local discomfort level associated with the
draught risks, are presented.
Finally, in order to evaluate the indoor air quality in the study presented in this work, the CO2
concentration, evaluated by the CFD numerical model, is used as an indicator of the indoor air
quality. The CO2 concentration, used in this work, is released by the occupants. In this work, the
recommendations of [25,26] are used. Some examples of the application of CO2 concentration can
be seen, for example, in [27–30]. In [27], a study of CO2 dispersion in an auditorium is developed,
and in [28], a work of indoor air quality in school buildings is presented; while in [29], the CO2
concentration in the airflow pattern in a residential building is used, and in [30], the CO2 concentration
is used in the evaluation of the outdoor air ventilation rates.
In the validation phase, using a comparison between numerical values and experimental data,
the accuracy value (see, for example, [31]) is used. This accuracy value, which is associated with the
correctness of the numerical values, is associated with the numerically-calculated approaches’ level to
the experimentally-measured value. As for the best accuracy, the value is unity, for a good accuracy,
the value should be near unity.
The combination of numerical test and experimental test, done in this work, are made in a
steady-state regimen and in non-isothermal conditions. These tests are used to evaluate the comfort
level (the thermal comfort level, the local thermal discomfort level and the air quality level), in a
chamber equipped with forced ventilation (when the inlet and outlet are placed above the head level
in non-parallel walls), with a warm radiant floor and occupied by two seated occupants.
In this study, the numerical values, using a coupling of the HTC, CFD and BTR numerical models,
are used to evaluate the thermal comfort, the local thermal discomfort and the air quality levels,
while the experimental results are used to compare with the numerical values (chamber surfaces
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temperatures, air velocity, air temperature, air turbulence intensity and DR levels) and to evaluate the
local thermal discomfort level.
2. Numerical Model
The coupling of the HTC integral numerical model, the CFD differential numerical model and the
BTR integral numerical model are used in this work. The HTC integral numerical model approach is
used to evaluate the thermal comfort level, the human body temperature, the clothing temperature and
the water vapor fields; the CFD differential numerical model approach is used not only to evaluate the
airflow around the occupants (air temperature, air velocity, air turbulence intensity and DR), but also
the air quality level (using the CO2 concentration); while the BTR integral numerical model approach
is used to evaluate the transparent surfaces’ temperatures, opaque surfaces’ temperatures, internal air
temperatures, solar collectors’ temperatures and duct water temperature.
The environmental variables, calculated around the occupants by the CFD numerical model,
are used as input data in the HTC numerical model. The human body temperature and clothing
surfaces’ temperature, surrounding temperatures (room surfaces and desk surface) and the inlet
airflow conditions (air velocity, air temperature and air turbulence intensity) are used as boundary
conditions in the CFD numerical model in the evaluation of the environmental variables’ field around
the occupant and the air quality level in the respiration area. The internal environmental variables,
calculated around the occupants by the CFD numerical model, and the external temperature are used
as input data in the BTR numerical model.
In the numerical simulation, using the HTC numerical model, the CFD numerical model and the
BTR numerical model, an iterative method is used:
• In the first step, the BTR numerical model calculated the chamber surrounding temperatures,
using the external and internal environment conditions;
• In the second step, the human thermal comfort numerical model calculated the body and
clothing temperatures, using the chamber surrounding temperatures and occupant surrounding
environments variables;
• In the third step, the CFD numerical model, using the previous values (skin, clothing and chamber
temperatures), calculated the airflow around the occupants.
In the modeling philosophy, using an iterative method, the numerical methods stop the calculations
when convergence is guaranteed.
2.1. Human Thermal Comfort Numerical Model
This model, which runs in transient conditions, is based on energy and mass balance integral
equations (see [11,14,15]).
The energy balance integral equations, in the HTC numerical model, are developed for the
body tissue layers, the clothing layers and the arterial and venous blood. The mass balance integral
equations, in the HTC numerical model, are developed for the arterial and venous blood, skin water
vapor and the clothing water vapor.
In the resolution of the equation system, the Runge–Kutta–Fehlberg method with error control
is used; in the thermal-regulatory system, the model in [32] is used; and in the thermal comfort in
non-uniform environment conditions’ evaluation, using the predicted mean vote and the predicted
percentage of dissatisfied people indexes, developed by [19], a modified PMV model presented in [33]
is used.
The outputs of the HTC numerical model, presented in this work, are the following:
• Body (tissue temperature);
• Blood (arterial and venous temperature);
• Skin (water vapor);
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• Clothing (layers’ temperature);
• Clothing (layers’ water vapor);
• Thermal comfort level (PMV and PPD indexes).
The inputs of the HTC numerical model are the following:
• Surrounding air temperature and velocity (calculated by the CFD numerical model);
• Air relative humidity;
• Surrounding surface (walls, floor, window, door, roof and desk temperatures), calculated by the
BTR numerical model;
• Internal sources (computers and others);
• Occupants (height, weight, activity level and clothing level).
2.2. Computational Fluid Dynamics Numerical Model
The CFD numerical model (see [13]), in Cartesian coordinates, is developed (based on [34]) and
used. The numerical model simulates the three-dimensional turbulent airflow, in the steady-state
regimen and in non-isothermal conditions, inside an occupied space. In the turbulence simulation,
the k-epsilon and the RNG models are applied, and in the air velocity numerical values, a correction
presented in [35] is used.
This software, in a steady-state regimen using the k-epsilon turbulence model, was validated in
isothermal (see [13]) and in non-isothermal (see [15]) conditions. The RNG turbulence model, in a
steady-state regimen and in isothermal conditions, is validated in the study presented in this work.
The outputs of the CFD numerical model, presented in this work, are the following:
• Three-dimensional components of air velocity;
• Omnidirectional air velocity;
• Air temperature;
• Air pressure;
• Turbulent kinetic energy;
• Turbulent energy dissipation rate;
• Carbon dioxide concentration;
• Local thermal discomfort level;
• Air quality level.
The inputs of the CFD numerical model are the following:
• Surrounding surfaces variables (windows, walls, ceiling, floor and desk temperature), calculated
by the BTR numerical model;
• Occupants’ presence (human and clothing temperature), calculated by the HTC numerical model);
• Occupants’ respiration (carbon dioxide concentration release);
• Inlet air flow (air velocity, carbon dioxide concentration, air temperature and turbulence intensity).
2.3. Building Thermal Response Numerical Model
The BTR numerical model, which runs in transient conditions, is based on energy and mass
balance integral equations (see [16–18]) and solar collector empirical equations.
The energy balance integral equations, presented in this work, are developed for the transparent
surfaces’ temperatures (windows), opaque surfaces’ temperatures (walls, ceiling and floor), internal air
temperatures, solar collectors’ temperatures and duct water temperature, in the experimental chamber.
The mass balance integral equations are developed for the water circulation in the solar collector, duct
system and floor water.
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In the resolution of the equation system, the Runge–Kutta–Fehlberg method with error control
is used.
The outputs of the BTR numerical model, presented in this work, are the following:
• Walls (indoor, central and outdoor layers’ temperature);
• Floor (wood, cement, water and isolation layers’ temperature);
• Windows (glass temperature);
• Door (indoor, central and outdoor layers’ temperature);
• Roof (indoor, central and outdoor layers’ temperature);
• Desk (indoor body);
• Solar collector (outlet water temperature);
• Solar collector ducts (inlet water and duct temperature).
The inputs of the BTR numerical model are the following:
• Collector solar radiation (incident solar radiation);
• External conditions (air temperature and air relative humidity);
• Occupants (height, weight, activity level and clothing level).
3. Experimental Setup
In this work, one wooden experimental chamber (of 2.7 × 2.4 × 2.4 m3) equipped with one desk,
two seats, two seated hygro-thermal manikins, a warm radiant floor, a solar radiation simulator, a water
solar collector and two indoor climate analyzers are used in the experimental setup. In the radiant
floor, a solar radiation simulator and a water solar collector are used (see more details in Figure 1).
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Figure 1. (a) Chamber, water ducts and collector scheme used in the building thermal response (BTR)
numerical model; (b) occupants, interior bodies and chamber schemes used in the human thermal
comfort (HTC) numerical model; (c) occupants, interior bodies and plans located at Y = 110 cm (Y22),
Y = 170 cm (Y34), X = 130 cm (X23) and Z = 120 cm (Z23), used by the CFD numerical model in
the work.
Buildings 2016, 6, 38 7 of 20
Table 1. Inlet model variables obtained in the experimental tests and used in the numerical tests.
Variables Measured Values
Inlet air velocity 3.9 m/s
Inlet air temperature 17.6 ◦C
Inlet air turbulence 6%
Solar radiation 750 W/m2
Collector area 2 m2
Water mass flow 0.24 kg/s
Variables Measurements
Chamber surfaces temperatures Floor, ceiling, wall and interior bodies temperature
Air velocity Around 15 human body sections
Air temperature Around 15 human body sections
Two hygro-thermal manikins, able to simulate the occupant’s body posture and the latent and
sensible heat exchanges, are used to simulate the occupants’ posture in the chamber space environments
(see more details in [14,15]). The environmental measurements made around the occupants are used to
validate the numerical models.
The experimental tests are made in a steady-state regimen and with non-isothermal conditions.
In order to obtain steady-state conditions all systems, namely the solar radiation, water collector,
warm radiant floor, forced ventilation and hygro-thermal manikins, work during several hours. When
the steady-state conditions are obtained, the environmental variables’ measurements are made.
The indoor climate analyzers MICKROMEK (using environmental sensors from SENSOR),
multi-data logger with 8 inputs are used. The air temperatures and air velocities surrounding the
manikins were measured around 15 human body sections of the two manikins.
The indoor climate analyzer BABUC-A (using sensors from LSI), multi-data logger with 11 inputs,
is used to measure the chamber surrounding surfaces and the environmental variables inside the
experimental chamber, namely the air relative humidity and the surrounding surfaces’ temperatures.
In Table 1, the inlet model conditions obtained in the experimental tests and used in the numerical
tests are presented.
4. Numerical Methodology
In this section, the surrounding chamber surfaces (floor, walls, ceiling, collector and water ducts),
the occupants’ posture and the desk shape are defined (see Figure 1).
In the buildings thermal response (see Figure 1a), the floor, walls, ceiling, collector and water
ducts are introduced. The floor is made of wood (in contact with the interior space) and concrete,
including water pipes and isolation materials.
In this numerical work, the virtual occupants had 1.70 m of height, 70 kg of weight, 1.2 Met of
activity level and 1 Clo of clothing level (equal to the experimental manikins). In the HTC numerical
model, the MRT is numerically calculated (see Figure 1b); the air relative humidity is experimentally
measured; while the air temperature and air velocity around the occupants are calculated by the CFD
numerical model.
Several grid geometries in the CFD numerical model were tested. Several volume dimensions
with different refined increments were evaluated, using the k-epsilon and RNG turbulence models,
without and with occupants’ presence. In the refined grid, the compromises between the validation
tests and the computational processing time were considered. In the validation tests, experimental
data and numerical results were compared, and in the computational processing time, the total time of
simulation was considered.
In [13], some validations tests were made, for different grid geometries, in steady-state conditions
and isothermal conditions, without occupant presence, using a k-epsilon turbulence model, while
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in [15], some validations tests were made, for different grid geometries, in steady-state conditions and
non-isothermal conditions, with occupant presence, using also a k-epsilon turbulence model.
In accordance with the previous validations tests and computational processing time, for the CFD
numerical model simulation, using the k-epsilon and RNG turbulence models, the calculated values
are made with 48 × 56 × 48 grids: 5.45 cm in the X direction, 5.2 cm in the Y direction and 5.45 cm in
the Z direction (see Figure 1c). The grid is numerically refined when it is placed near a surface and in
front of the inlet and in the inlet. In this study, each grid is divided into several units in a direction
perpendicular to the surface (wall, ceiling, floor, desk, seat and manikin), and each grid is also divided
into several units in parallel directions to the inlet and outlet.
5. Results and Discussion
In this study, the chamber thermal response, airflow inside the chamber space, the thermal comfort
level, the local thermal discomfort level and the air quality level are evaluated:
• in the first section, the surrounding chamber surfaces’ temperatures are analyzed;
• in the second section, the air velocity and the air temperature field inside the space are analyzed;
• in the third section, the air velocity, the air temperature, the MRT and the thermal comfort level
are presented;
• in the fourth section, the air turbulence intensity and the DR are discussed;
• in the fourth section, the CO2 concentration is shown.
5.1. Chamber Surrounding Temperatures
In the first section, the measured and calculated surrounding chamber temperatures are presented.
The obtained results are calculated by the BTR numerical model.
In Table 2, the comparisons between the measured and calculated surrounding chamber
temperatures are presented.
Table 2. Measured and calculated surrounding chamber temperatures.
Variables Measured Values CALCULATED VALUES
Floor temperature 28.3 ◦C 28.45 ◦C
Ceiling temperature 18.5 ◦C 19.14 ◦C
Wall temperature 18.0 ◦C 19.17 ◦C
Interior bodies temperature (desk) 18.0 ◦C 19.39 ◦C
In accordance with the obtained results, the floor surface temperature presents a difference
between the numerical and the experimental values of less than 0.15 ◦C, while the other internal
surfaces temperature present a difference between the numerical and the experimental values
around 1 ◦C.
The surrounding chamber temperatures’ mean accuracy, based on the measured and calculated
values, is 0.987 [31].
5.2. Air Flow inside the Chamber Space
From Figures 2–5, the air velocity and the air temperature field inside the school space section are
presented. In Figures 2–4, the vertical plans are presented, while in Figure 5, the horizontal plan (in the
respiration area) is shown. All subfigures (a1,a2) in Figures 2–5 represent the air velocity field, while
(b1,b2) represent the air temperature field; (a1,b1) are associated with the k-epsilon turbulence model,
and (a2,b2) are associated with the RNG turbulence model.
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Figure 3. Air velocity (a1,a2) and air temperature (b1,b2) fields in the plan located at Y = 170 cm (Y34)
(left side seated occupant), numerically calculated. (a1,b1) are associated with the k-epsilon turbulence
model, and (a2,b2) are associated with the RNG turbulence model.
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Figure 4. Air velocity (a1,a2) and air temperature (b1,b2) fields in the plan located at X = 130 cm (X23),
numerically calculated. (a1,b1) are associated with the k-epsilon turbulence model, and (a2,b2) are
associated with the RNG turbulence model.
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Figure 5. Air velocity (a1,a2) and air temperature (b1,b2) fields in the plan located at Z = 120 cm (Z23),
numerically calculated. (a1,b1) are associated with the k-epsilon turbulence model, and (a2,b2) are
associated with the RNG turbulence model.
In accord with the obtained results, the inlet airflow arrives near the wall, placed in front of the
inlet area, and the airflow is divided into two parts:
• a horizontal airflow to the upper area;
• a vertical descendent airflow to the lower occupied area.
In the remaining occupied area, the air ascendant airflow is verified.
The air velocity is highest in the left side area, in front and above the occupation area. The air
velocity in front of the lower human bodies’ sections is higher in the occupant seated on the left side
than in the occu ant seated on the right side.
The air temperature is highest above the floor level (in front of the occupation area) and around
the lower human body sections (mai ly around the occup nt seated on the left side).
The obtained airflow topology inside the occupied chamber space with occupation and with the
warm radiant floor is different from the obtained airflow t pology without occupation (presented
in [13]). The body presence (occupation) promotes an airflow deflection and a natural convecti ,
w ile t e warm radiant floor heats the air near the floor and increases the natural recircul ti . Thus,
the occupation increases the ir temperature and the air velocity around the occupation area.
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Generally, in the application of the k-epsilon and the RNG turbulence models, no significant
differences in the air velocity field are verified. Similar airflow topologies are obtained using the two
methods. Only locally light differences are verified.
However, in the air temperature field calculation, the application of the k-epsilon and the RNG
turbulence models, some differences are verified. In general, when the k-epsilon turbulence model is
used, the influence of the warm floor is higher than when the RNG turbulence model is used.
5.3. Thermal Comfort Level
In Figure 6, the measured and calculated local air velocities around the two occupants are
presented, while in Figure 7, the measured and calculated local air temperatures around the two
occupants are shown. The measured and calculated values are presented around the 15 human body
sections. In Figures 6a and 7a, the k-epsilon turbulence model is used, while in Figures 6b and 7b, the
RNG turbulence model is used.
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Figure  6. Air velocity  value  around  the  occupants  seated  on  the  right  and  left  side, numerically 
calculated  and  experimentally measured.  In  (a),  the  k‐epsilon  turbulence model  is  used,  and  in   
(b), the RNG turbulence model is applied. 
Figure 6. Air velocity value around the occupants seated on the right and left side, numerically
calculated and experimentally measured. In (a), the k-epsilon turbulence model is used, and in (b), the
RNG turbulence model is applied.
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In Table 3, the air velocity and the air temperature accuracy, obtained in the validation tests, using
the k-epsilon and RNG turbulence models, are presented.
Table 3. Air velocity and the temperature accuracy obtained in the validation tests using the k-epsilon
and RNG turbulence models.
Situation
Model
k-epsilon RNG
Air velocity around the right side occupant 0.8372 0.8777
Air velocity around the left side occupant 0.8511 0.9119
Air temperature around the right side occupant 0.9963 0.9966
Air temperature around the left side occupant 0.9961 0.9965
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In the air velocity values, in general, a good agreement between local experimental values and
local numerical values is verified. The air velocity mean accuracy, using the left and right seat occupant,
when the k-epsilon turbulence model is used, is 0.844, while when the RNG turbulence model is used,
it is 0.895. In accordance with the obtained accuracy values, when the RNG turbulence model is used,
the agreement is better than when the k-epsilon turbulence model is used (see [31]).
The highest discrepancy between experimental and numerical values is verified in the legs and
feet of the left side seat occupant, when the k-epsilon turbulence model is used, and in the left leg and
foot of the left side seat occupant, when the RNG turbulence model is applied. This fact is associated
with strong convection currents verified in the frontal area of the left side seat occupant’s legs and feet.
In the air temperature values, in general, a good agreement between local experimental values
and local numerical values is verified. The air temperature mean accuracy, using the left and right seat
occupants, when the k-epsilon turbulence model is used, is 0.996, while when the RNG turbulence
model is used, it is 0.997. In accordance with the obtained accuracy values, when the RNG turbulence
model is used, the agreement is better than when the k-epsilon turbulence model is used (see [31]).
In general, as was verified in the previous section, the air temperature level obtained around the
occupants is lightly lower when the RNG turbulence model is used than when the k-epsilon turbulence
model is used.
The MRT values around the occupants seated in the right and left side, numerically calculated,
are presented in Figure 8.
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Figure 8. Numerical mean radiant temperature (MRT) values around the occupants seated on the right
and left side are subjected.
In Table 4, the PMV and the PPD indexes, calculated through the numerical model, are presented.
Table 4. Predicted mean vote (PMV) and percentage of dissatisfied people (PPD) indexes
numerically calculated.
k-epsilon RNG
PMV PPD (%) PMV PPD (%)
Right side seated occupant −0.59 12.2 −0.73 16.3
Left side seated occupant −0.57 11.9 −0.71 15.6
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The PPD is higher in the RNG turbulence model than in the k-epsilon turbulent model. However,
the difference between the two models is very low. This difference, in general, is associated with the air
temperature values in the RNG turbulence model being lower than in the k-epsilon turbulent model.
In accord with the obtained results, when the k-epsilon turbulent model is used, the occupants
are thermally comfortable (see comfort Category C in [20]), by negative PMV values. When the RNG
turbulent model is used, the occupants are not thermally comfortable (see comfort Category C in [20])
by negative PMV values. However, the thermal uncomfortable level obtained when the RNG turbulent
model is used is very near the suggested thermal comfort levels (see comfort Category C in [20]).
5.4. Local Thermal Discomfort
In this section, the occupants’ DR is evaluated and discussed. The numerical and experimental air
turbulence intensity values are presented, for the right and left side seated occupants, in Figure 9. The
numerical and experimental DR values are presented, for the right and left side seated occupants, in
Figure 10. In Figures 9a and 10a, the k-epsilon turbulence model is used, and in Figures 9b and 10b,
the RNG turbulence model is applied.
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Figure  9.  Air  turbulence  intensity  (TI)  around  the  occupants,  numerically  calculated  and 
experimentally  measured.  In  (a),  the  k‐epsilon  turbulence  model  is  used,  and  in  (b),  the  RNG 
turbulence model is applied. 
Figure 9. Air turbulence intensity (TI) around the occupants, numerically calculated and experimentally
measured. In (a), the k-epsilon turbulence model is used, and in (b), the RNG turbulence model
is applied.
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is applied.
The air turbulence intensity and DR accuracy, obtained in the validation tests using the k-epsilon
and the RNG turbulence models, are presented in Table 5.
Table 5. Air turbulence intensity and DR accuracy obtained in the validations tests using the k-epsilon
and RNG turbulence models.
Situation
Model
k-epsilon RNG
Air turbulence intensity around the right side occupant 0.9836 0.9942
Air turbulence intensity around the left side occupant 0.9891 0.9973
DR around the rig t side occupant 0.9886 0.9965
DR around the left side occupant 0.9884 0.9976
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The air turbulence intensity mean accuracy, using the left and right seated occupants, when the
k-epsilon turbulence model is used, is 0.986, while when the RNG turbulence model is used, it is 0.996.
In accord with the obtained results, the agreement between the air turbulence intensity, experimentally
and numerically obtained, is better when the RNG turbulence model is used than when the k-epsilon
turbulence model is applied (see [31]).
The DR mean accuracy, using the left and right seated occupant, when the k-epsilon turbulence
model is used, is 0.989, while when the RNG turbulence model is used, it is 0.997. In accord with the
obtained results, the agreement between the DR experimental and numerical values is better when the
RNG turbulence model is used than when the k-epsilon turbulence model is applied (see [31]).
The DR, to which both occupants are subjected, in the different human body sections, in general,
is unacceptable (see Draught Risk Category C in [20]). Only some values, in general, experimentally
obtained, are acceptable (see Draught Risk Category C in [20]).
5.5. Air Quality
In this section, the CO2 concentration is numerically analyzed. In Figure 11, the CO2 concentration
field in the horizontal plan, in the respiration area, is presented, while in Table 6, the CO2 concentration
is presented. In both situations, for both occupants, the calculated CO2 concentration is obtained in
front of the nose area.
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(a)  (b) 
Figure 11. CO2 concentration field for the plan XY, Z23, numerically calculated. (a) Associated with 
the k‐epsilon turbulence model and (b) associated with the RNG turbulence model. 
Table 6. CO2 concentration, in the breathing area, numerically calculated. 
CO2 Concentration (mg/m3) k‐epsilon RNG
Right side seated occupant  971  1105 
Left side seated occupant  2143  1713 
The  CO2  concentration  inside  the  space,  in  general,  is  higher  in  the  breathing  area  of  the 
occupants and is reduced when the distance with the breathing area increases. In general, with the 
exception to some centimeters’ distanced from the breathing area, the carbon concentration inside 
the space is around of 500 mg/m3. 
In accordance with the obtained CO2 concentration, in the numerical simulation, the values are 
slightly different when the RNG and the k‐epsilon turbulence models are used. 
The occupant in the right side seat is subjected to a lower CO2 concentration than the left side 
seated occupant. These results are associated with the airflow trajectory, from the occupant seated in 
the left side area to the outlet. 
The  CO2  concentration  value  in  the  breathing  area,  in  accord  with  [25,26],  in  general,  is 
acceptable for the occupants. 
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Figure 11. CO2 concentration field for the plan XY, Z23, numerically calculated. (a) Associated with
the k-epsilon turbulence model and (b) associated with the RNG turbulence model.
Table 6. CO2 concentration, in the breathing area, numerically calculated.
CO2 Concentration (mg/m3) k-epsilon RNG
Righ i 971 1 05
Left side seated occupant 2143 1713
The CO2 concentration inside the space, in general, is higher in the breathing area of the occupants
and is reduced when the distance with the breathing area increases. In general, with the exception
to some centimeters’ distanced from the breathing area, the carbon concentration inside the space is
around of 500 mg/m3.
Buildings 2016, 6, 38 18 of 20
In accordance with the obtained CO2 concentration, in the numerical simulation, the values are
slightly different when the RNG and the k-epsilon turbulence models are used.
The occupant in the right side seat is subjected to a lower CO2 concentration than the left side
seated occupant. These results are associated with the airflow trajectory, from the occupant seated in
the left side area to the outlet.
The CO2 concentration value in the breathing area, in accord with [25,26], in general, is acceptable
for the occupants.
6. Conclusions
In this work, the comfort level in spaces equipped with forced ventilation (when the inlet and
outlet are placed above the head level in non-parallel walls) and a warm radiant floor (with water from
a solar collector), in cold environments, is evaluated. A combination of experimental and numerical
methodologies is used. A wooden chamber, a desk, two seats, two seated hygro-thermal manikins, a
warm radiant floor, a solar radiation simulator and a water solar collector are used in the experimental
tests, while coupling of integral and differential (using the k-epsilon and the RNG) models is applied
in the numerical simulations.
A good agreement between local experimental values and local numerical values, of the chamber
surface temperature, the air velocity, the air temperature, the air turbulent intensity and the DR,
is verified.
The chamber surface temperature mean accuracy is 0.987. The air velocity mean accuracy is 0.844
for the k-epsilon turbulence model and is 0.895 for the RNG turbulence model. The air temperature
mean accuracy is 0.996 for the k-epsilon turbulence model and is 0.997 for the RNG turbulence model.
The air turbulent intensity mean accuracy is 0.986 for the k-epsilon turbulence model and is 0.996 for
the RNG turbulence model. The DR mean accuracy is 0.989 for the k-epsilon turbulence model and is
0.997 for the RNG turbulence model. The lowest mean occupancy value is for the air velocity around
the occupants, while the highest mean occupancy value is for the air temperature around the occupants.
Thus, the obtained accuracy values, when the RNG turbulence model is used the agreement, is better
than when the k-epsilon turbulence model is used.
The air velocity, in front of the lower body section, of the occupant seated in the left side is higher
than on the right side seated occupant, while the air temperature is highest above and near the floor
level and around the lower body sections, mainly in the left side seated occupant. In general, the upper
body sections present lower DR than the lower body sections. Finally, the occupant seated on the right
side is subjected to lower CO2 concentration than the left side seated occupant.
The mean PPD, when the k-epsilon turbulence model is used, is 12.05, for negative PMV values,
and when the RNG turbulence model is used, it is 15.95, also for negative PMV values. The DR
values, in general, are higher than the Draught Risk Category C. The mean CO2 concentration in
the breathing area when the k-epsilon turbulence model is used is 1557 mg/m3, and when the RNG
turbulence model is used, it is 1409 mg/m3. Thus, in accordance with the obtained values, the thermal
comfort level is acceptable, the local thermal discomfort level is not acceptable and the air quality level
is acceptable.
This system, with the combination of forced ventilation in the adjacent wall and of the warm
radiant floor from solar collectors, in accordance with the obtained results, is able to be introduced
in the chamber space. The expected thermal comfort level and the air quality level are acceptable.
However, special attention to the local thermal discomfort level is suggested. In this system, forced
external airflow and natural solar radiation are used. Ventilators and solar collectors with renewable
energy applications are used.
However, in accordance with the obtained results, more numerical simulations, in real situations,
with all occupants, are suggested. All of the spaces’ details, all of the occupants’ geometries and the
ventilators’ airflow characteristics should also be considered.
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